Abstract. Here we describe instrumental approaches for performing dual polarity ion confinement, transport, ion mobility separations, and reactions in structures for lossless ion manipulations (SLIM). Previous means of ion confinement in SLIM, based upon rf-generated pseudopotentials and DC fields for lateral confinement, cannot trap ions of opposite polarity simultaneously. Here we explore alternative approaches to provide simultaneous lateral confinement of both ion polarities. Traveling wave ion mobility (IM) separations experienced in such SLIM cause ions of both polarities to migrate in the same directions and exhibit similar separations. The ion motion (and relative motion of the two polarities) under both surfing and IM separation conditions are discussed. In surfing conditions the two polarities are transported losslessly and non-reactively in their respective potential minima (higher absolute voltage regions confine negative polarities, and lower absolute potential regions are populated by positive polarities). In separation mode, where ions roll over an overtaking traveling wave, the two polarities can interact during the rollovers. Strategies to minimize overlap of the two ion populations to prevent reactive losses during separations are presented. A theoretical treatment of the time scales over which two populations (injected into a DC field-free region of the dual polarity SLIM device) interact is considered, and SLIM designs for allowing ion/ion interactions and other manipulations with dual polarities at 4 Torr are presented.
, and HO 2 + in Sir J. J. Thompson's Mass Spectrograph were some of the first ion/molecule reactions observed [1] ). There are also many recent and important biologically relevant applications of ion/molecule reactions [2] , including reactions with post-translational modifications of peptides [3, 4] , isomers of phosphorylated sugars [5] , gas-phase hydrogen/deuterium exchange reactions [6, 7] , and reactions of ozone with lipids [8] . The goal of these reactions is to reveal different aspects of ion structure and to quantify changes in structure that cannot be probed by the Btraditional^mass spectrometric methods of measuring molecular and/or fragment ion masses.
Alternatively, reactions of oppositely charged ions for analytical MS have been pioneered by McLuckey and coworkers [9, 10] . Types of ion/ion reactions include charge transfer of protons from multiply protonated cations to anions [11] , electron transfer [12] , complex formation [13] , and metal transfer [14] . Proton transfer reactions have been used for several applications, including simplification of a mixture of multiply charged ions (e.g., intact proteins [15] or peptides [16] , as well as tandem MS fragments [17] ), manipulation of charge states to yield higher sequence coverage [18] , and conversion of many precursor protein charge states to a single charge state for much higher intensity of precursor ions than produced by electrospray [19, 20] . Electron transfer reactions led to the development of electron transfer dissociation [21] , a widely applied fragmentation method complementary to collision induced dissociation, particularly important due to its ability to preserve post-translational modifications to peptides. Recently, ion/ion complex formation has been used for gas-phase covalent modifications [22] . The covalent reactions have included such examples as gas-phase Schiff base formation [22, 23] , modification of amines with NHS-ester chemistry [24, 25] , reactions with carboxylic acids [26, 27] , and gas-phase oxidation of disulfide bonds [28, 29] . Ion/ion reactions are showing great promise in moving site-specific, traditionally solution-phase bioconjugation reactions into the gas phase.
The first cation to anion ion/ion proton transfer reactions studied showed that ion/ion reaction rates were dependent on the square of the protein charge state [11] . Since the anion was singly charged, this phenomenon is well explained by the rate constant (k, cm 3 /s) for ion/ion capture and the critical ion/ion separation in the orbiting ion complex formed (r, cm):
where v is the relative velocity (cm/s), Z 1 and Z 2 are the charge states of the cation and anion, e is the charge of the electron (electrostatic units), and μ is the reduced mass of the collision pair. With a large excess of anions, the rates proceeded as pseudo-first order. Therefore, a gas-phase chemistry environment with low relative velocities through, e.g., collisional dampening (higher pressures) and maximization of a fieldfree region, and the ability to trap large ion densities of reactants, is of interest to achieve the highest reaction rates. In addition, the ability to store the ion/ion reaction reagents and products, isolate products of interest, and pursue further steps of analysis, perhaps including fragmentation, more ion/ion or ion/molecule reactions, or even gas-phase separations, is desirable for integrating ion/ion reactions into a more holistic and complex gas-phase workflow, affording deeper analysis than currently available technologies. Recent efforts in extended confinement [30, 31] , ion manipulations [32] , transporting ions [33] [34] [35] , performing mobility based separations [35] , and ion selection [31, 36] using structures for lossless ion manipulations (SLIM), have demonstrated this to provide a versatile platform to explore additional manipulations, including ion/ion reactions. Although demonstrations on SLIM so far have been confined to ions of a single polarity (predominantly cations), the ability to perform ion/ion reactions is possible with designs that allow dual polarity transport, storage, and separations. To that end, we have begun explorations including ion trajectory modeling in SLIM modules to accommodate dual polarities losslessly and also explore the possibility of ion/ion reactions. Ion/ion reactions have already been performed with traveling wave IM devices for proton transfer and electron transfer dissociation, and separation and characterization of reaction products [37] [38] [39] . Developing and expanding on these capabilities with the flexibility of the SLIM device will allow for a much greater number of more complex series of reactions, mobility separations, and other manipulations. The following illustrates initial SLIM module designs for the confinement, transport, and mutual storage of ions of opposing polarities.
Methods
Ion trajectory simulations were performed using SIMION 8.1 (Scientific Instrument Services, Ringoes, NJ, USA). The SLIM geometries for testing dual polarity confinement were built using the SIMION graphical user interface or importing models from CAD software (SolidWorks, Dassault Systems Solidworks Corporation, Waltham, MA, USA). The potential arrays were generated by using the SIMION refine feature with a convergence criterion of 0.001. The potential arrays created included 10 distinct electrode potentials. Two electrodes had rf voltages (~300 V p-p amplitude) applied to them. The other eight electrode potentials had time varying DC profiles (i.e. TW). The time varying voltages were defined on each electrode using an in-house Lua programming code compatible with SIMION. The specific voltages applied to the different rf phases and TW electrodes and their layouts are discussed later in the manuscript. The collisions between ions and neutrals in the trajectory simulations used the SDS model [32, [40] [41] [42] . The ions were injected into the SLIM domain with an initial kinetic energy of zero. Since any motion of ions is quickly (within a few nanoseconds) thermalized at a pressure of 4 Torr, the initial KE has no significant effect on the trajectories: the ion velocity is only dependent on the instantaneous electric field. Also, ion potentials were calculated using an open source solver (OpenFoam 4.0) [43] (which is a generic partial differential equation solver), by solving the Laplace equation. The Laplace solution was computed by using a finite volume discretization of the SLIM domain and by using the appropriate potentials applied to the electrodes [44] .
Results and Discussion
The confinement of oppositely charged ions inside SLIM requires modification of previous SLIM designs. In previous SLIM designs, rf-generated pseudopotentials are used to confine ions away from the two parallel surfaces [33, 34, 45] and lateral confinement is provided by use of DC 'guard' electrodes. In this scheme of single polarity confinement and transport, guard electrodes with a slightly higher dc potential (up to +5 V) than the average TW DC potential provide effective lateral confinement for ions with positive polarity. However, the combined effective potential and guard fields created within SLIM are not suitable for confining opposite polarity ions at the same time. Figure 1a shows the confinement pseudo-potentials inside the traditional SLIM-TW design [34] using 300 V p-p rf, 30 V p-p for TW, and a 20 V guard voltage (i.e., +5 V bias). 
. While the rf is sufficient to prevent ion losses to those electrode regions, the positive potential of the guard creates an attractive potential for the negatively charged species and results in immediate ion losses. Similarly, when the guard bias is changed to -5 V, negatively charged ions are confined but positively charged ions are lost. Thus, ion conduits that can confine both positive and negative ions simultaneously require an alternate means to confine ions in the lateral direction.
Owing to the flexibility of SLIM, relatively complex electrode structures and voltages can be patterned on the surfaces opening alternatives for lateral confinement. While DC-only potentials are insufficient to confine dual polarities, in this work we develop alternative approaches for applying dynamic potentials in SLIM (i.e., rf) to effect lateral confinement. The use of only rf electrodes for confinement away from surfaces and also for lateral confinement, meant that a potential wall needed to be created between the two SLIM surfaces to restrict lateral ion motion. Thus, unlike in previous SLIM designs for single polarities (where two boards were arranged parallel to each other), in the new design an Banti-parallel^arrangement of electrodes was used. A configuration of four rf and three traveling wave electrodes (referred to as 4,3 SLIM configuration) for the new module designs is shown in Figure 2a . While an electrode arrangement has alternate rf phases with interleaved TW electrodes, the other SLIM surface has corresponding rf electrodes carrying the opposite phase of rf. The TW electrodes are similarly interleaved (see Figure 2a and compare with Figure 1a) . The opposite polarity of any two adjacent rf electrodes provides confinement away from the surfaces. The opposite polarity of rf on the other board surface provides the confinement potential preventing the ions from escaping laterally between the boards. A 4,3 SLIM design [46] is shown in Figure 2 . This is easily extendable to more rf electrodes to accommodate a greater number of ions. One of the significant advantages of this SLIM arrangement is that the DC guard electrodes are eliminated. This allows for serpentine path SLIM [47] to be more efficient; the increased lateral width available by removing the DC guards can allow more U-turns to be accommodated in a given region. The TW electrodes for ion motion are interleaved as we have done in previous TW SLIM. Figure 2a right panel shows the layout of the two boards with line-of-sight looking in the direction of ion motion between the boards. The confinement of ions is shown by the SIMION ion trajectories superimposed. Figure 2b shows the effective ion conduits created by the setup for both positive and negative ions. The rf frequency in both cases is 1 MHz and rf amplitude is 350 V p-p . The shape of the confinement region is more quadrupolar than the previous TW-SLIM designs (as seen from the Figure 1a and b) . The bottom panel of Figure 2b shows the effective potential along lateral axis (along the Y axis) between the two boards. The potential well is clearly quadrupolar for both positive and negative ions, unlike in the case of the TW-SLIM with DC guards where the negative polarity ions experience no lateral confinement (Figure 1b) 
is the surface integral of the electric field (e.g. along an iso-surface of the effective potential value of 20 V as shown in Figure 2b ) will remain confined within the ion conduit in the presence of traveling waves. Iso-surfaces less than 20 V will confine a smaller number of ions. The size of the ion conduit within which ions will be confined depends on the total charge being carried by the SLIM device and the details related to the moving voltage profile of the TW. Figure 2c hypothetical ions of same mass and mobility but with a negative charge are shown in Figure 2d . The ion trajectory simulations are also shown. Each species had 500 ions. The ions traverse a simulated path of 15 cm. The ATDs demonstrate similar performance for both polarities, thus confirming the ability to use the SLIM module design for IM separations for both the polarities. Any slight differences in the arrival time distributions arise due to the fact that at the initial condition of the simulation, both polarities see the same phase of the TW, which means one of the polarities begins with a backward rollover, whereas the other polarity begins with a forward motion. These initial effects become negligible for long path length separations.
SLIM modules that are suitable for performing dual polarity ion motion and separations require performing separations without ion/ion interactions unless desired. The reactions can take place by either ion/ion recombination leading to loss of signal for either the species or charge state alteration. Figure 3a shows the distance between two ions (of same mobility and opposite polarity, m/z 622, K o = 1.17 cm 2 /Vs) as they traverse along the length of the device in the surfing mode [48] . The surfing mode of operating a TW device is typically achieved at very low traveling wave speeds (i.e., when speed of the wave is lower than then instantaneous ion velocity [34] , typically < 50 m/s for Ko = 1 cm 2 /Vs at 4 Torr), and in this mode ions are confined within the TW troughs [47] . Since the ions with opposite polarities have potential minima at opposite ends of the potential profile, the surfing mode ensures effective spatial segregation between the two species while they traverse at the same speed, as seen in Figure 3a . As the ions of two polarities travel through the device they populate their respective potential minima and remain confined within these regions. The width of the potential minima were about four electrodes wide (as four consecutive electrodes have high voltage and the remaining have low voltage as shown in in the inset of Figure 3a) [34] . Since in this simulation, the length of each electrode was 1 mm, the two ions (which start at the same point initially in the simulation) are separated by a distance of~4 mm. However, in the separation mode, ions are passing through other potential minima/troughs, as they Broll over^the passing wave profile. Thus, there will be instances when the two polarities pass each other. Figure 3b shows the distance between two ions of same mobility but opposite polarity varies between 0 mm (when they pass each other) and~4 mm. The relative velocity between the ions (Figure 3b inset) varies between 150 m/s and -150 m/s. Ion/ion recombination for these two singly-charged ions can occur if the distance between the opposite polarities is lower than a critical value (r critical ), which can be calculated by considering the magnitudes of the relative velocity. At a relative velocity of 2 m/s, the critical radius was 0.162 mm (see discussion below), whereas at relative velocity higher than 6 m/s the critical distance needed for reaction was less than a few microns (thus reducing the probability of reaction). However at relative velocities lower than 2 m/s, the ion/ion recombination rate can be very high. The relative velocity of the ions was found to be less than 3 m/s magnitude for~2.5% of the total flight time. Thus, while they are separating, it can be expected that the ions have a Figure 3d ) is another way to segregate the populations and prevent ion/ion reactions while performing separations simultaneously for both polarities. This allows simultaneous dual polarity IMS separations. Dynamically controlling these voltages allows controlled ion population overlap; an ion/ion rate reduction technique that could eventually be utilized as a SLIM analog to ion parallel parking (where reaction rates are slowed over a broader m/z range) [49, 50] . Although ion trajectory simulations can predict the extent of spatial overlap of ions of both charges and relative velocities of ions of each polarity, they do not consider space charge or the effects of ions of opposite polarities upon each other. Therefore, to determine the efficacy of ion/ion reactions, a theoretical treatment of a model reaction is useful. In this example, we use the triply protonated peptide neurotensin (m/z 558.65 and reduced mobility 1.2 cm 2 /Vs) and deprotonated 1H,1H-perfluoro-1-octanol (m/z 399.07 and estimated reduced mobility 0.9 cm 2 /Vs) as the reactants, assuming a large excess of the anionic reagent, with proton transfer from neurotensin. The schematic for a device to allow such ion/ion interactions is shown in Figure 4a . Positive and negative polarities are introduced from opposite directions (as shown in Figure 4a ) to prevent any potential reactions during transport. However, alternative designs can be envisioned where the two polarities are introduced from the same direction in a time-dependent manner. A central field-free region with 8 TW electrodes at 0 V is created for ion/ion interaction. Once in the field-free region, the thermal velocity attributable to Brownian motion of the ions and the attractive potential between the two polarities determine the rate at which they approach each other. To estimate the possibility of ion/ion reactions, we treat an ensemble of ions of each charge as a point charge with a total amount of charge Q in Coulombs providing an attractive potential over a long distance upon another ensemble of ions of opposite charge. The long range attractive potential created by a cation of charge state z p is given by
where U p is the attractive potential, Q p is the total positive charge in Coulombs, N p is the number of positive charges, z p is the charge state, e is the elementary charge, and r is the distance. Note that in the above expression, we calculated an ensemble of ions as a point change with a total charge given by the product of the number of charges and the value of elementary charge (which directly follows from Gauss's law [51] ). The force experienced by the two polarities due to their mutual attractive potentials will be:
where F is the force of Coulombic attraction, Q n is the total negative charge, N n is the total number of negatively charged ions, z n is the charge state of the negative ion, and r is the distance between the two ions. Since the ions are confined at pressures at a few torr, at these low E/N conditions, ions move according to their mobilities. Thus, the relative velocity v(r) between the ions becomes:
where K p and K n are the ion mobilities of the positively and negatively charged ions, respectively. The ion clouds proceed to attract each other in the field-free region and form the ion/ion reaction complex. The time frame over which the ion populations would approach each other depends on their initial distance apart (16 mm here, corresponding to the length of the field-free SLIM region shown in Figure 4a ) and their relative velocity (governed by Equation 4). As shown in Figure 4a , the two populations injected from two sides of a field-free region span~16 mm. Due to the abundance of collisions with the background gas, the relative velocity of the ions is low enough to form the bound orbit , the critical separation for bound orbit formation is 162 μm. A relative velocity of 2 m/s was used for this calculation, and this conforms to the relative velocity that the ions experience as they approach each other (at a low relative velocity of~<1 m/s as shown in Figure 4b ). Figure 4c also shows the time taken for the progressive reduction in the distance between the two ionic species. In the simulation (Figure 4a) , the injected populations diffuse over the region (of 15 mm) in about~200 ms based on a ffiffiffiffiffiffiffi ffi 2Dt p estimate. As shown in Figure 4c , the presence of attractive forces significantly enhances the rate at which the two polarities would approach each other (it takes 90 ms for 100,000 cations and 100,000 anions to reach an approach distance of~0.1 mm at 4 Torr as shown in Figure 4c ). This rate of approach of the two polarities would be higher at lower pressures. In practice, a large excess of the reagent population should be used to maximize ion/ion reaction rates, with pseudo-first order reaction rates. In addition, traveling waves can be used intermittently to decrease the size of the mutual storage region for better spatial overlap. However, care must be used with this approach in order to maintain low relative velocities. After the reaction, the products can then be transported to the detector in the surfing mode (to isolate products of both polarities and prevent further reactions) or into additional regions, e.g., reactions or mobility separations.
Conclusions
The basis for novel SLIM designs capable of simultaneously manipulating, separating, and transmitting two ion polarities is presented. Previous SLIM modules have utilized DC fields for lateral confinement but cannot confine both polarities of ions simultaneously. A design that utilizes only rf fields for lateral confinement is presented, with efficient ion confinement and transmission of ions of both polarities. It was shown that at very low traveling wave speeds, in the so-called Bsurfing^mode, oppositely charged ions are separated in their own Btraveling traps^that effectively prevent ion/ion reactions from occurring. However, with faster TW speeds (i.e., separation conditions), there is a possibility for ion/ion interactions due to the movement of ions between the traveling traps. This process can be mitigated by the application of a DC bias across the guard electrodes or offsetting the DC bias on one SLIM surface against the other. The ability to confine, transport, and separate simultaneously dual polarities of ions without losses helps perform IMS analyses with high sensitivity and selectivity. To be able to inject and transport both the polarities at the same time without any interaction also helps perform very long path length separations at a higher duty cycle compared to separate injections used to perform separations on two polarities. It will also allow for the physical effects of charge/charge attraction to be investigated between oppositely charged ions. In addition, the possibilities for conducting ion/ion reactions inside a SLIM module were examined with a combination of trajectory simulations and a point-charge treatment of ion/ion capture.
Utilizing a DC field-free region of the dual polarity SLIM electrode geometry, reactions are predicted to proceed with very high rate constants due to rapid collisional dampening at 4 Torr pressures. We will employ the design to begin experimental exploration of ion/ion reactions in SLIM.
